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While observations provide insight for the basic nature of features in the Leeuwin Current System (LCS), process-
oriented studies are useful for systematically investigating the characteristics and dynamical forcing mechanisms for
the currents and eddies in the LCS. This process-oriented numerical study investigates the roles of wind forcing,
thermohaline gradients and bottom topography on currents and eddy generation in the LCS with a terrain-following
primitive equation model, in this case the Princeton Ocean Model (POM), on a beta-plane off the western and
southwestern coast of Australia.
Results show that the LCS is an anomalous Eastern Boundary Current that generates a surface poleward current
predominantly over the shelf break, an equatorward surface current with upwelling next to the coast in localized regions,
an equatorward undercurrent, and highly energetic mesoscale features such as meanders and eddies. Thermohaline
gradient effects are shown to be the primary mechanism in the generation of a poleward (equatorward) current
(undercurrent), eddies and meanders in the LCS. Inshore of the poleward surface flow, next to the coast, wind forcing plays
an important role in generating an equatorward coastal current and upwelling. The major role of the wind is to slow the
poleward surface flow, enhance eddy spin up and create localized upwelling regions, such as in the north near Shark Bay
and just north of Cape Leeuwin. Bottom topography is shown to be an important mechanism for intensifying and trapping
currents near the coast, weakening subsurface currents and intensifying eddies off capes. The surface poleward current is
predominantly steered by the shelf break, frequently leaving the coast as it follows the 200-m depth contour southward to
Cape Leeuwin and eastward into the Great Australian Bight. Overall, the results of this process-oriented study compare
well with available observations in the LCS.
Published by Elsevier Ltd.
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Subtropical Eastern Boundary Currents (EBCs)
are usually equatorward at the surface, with pole-front matter Published by Elsevier Ltd.
r2.2006.09.006
ng author. Tel.: +1831 656 2673;
2712.
ss: mlbattee@nps.edu (M.L. Batteen).ward undercurrents, which are forced by prevailing
equatorward winds. The major EBCs such as
Peru, California, Benguela and Canary are distin-
guished by surface dynamic height fields that
decrease toward the coast and near-surface isopyc-
nals that slope upward (Wooster and Reid, 1963;
McCreary et al., 1986). These systems are char-
acterized by climatologically weak (o10 cm/s),
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equator, cold upwelled water at the surface, shallow
(o30m depth) thermoclines, and high biological
productivity (Parrish et al., 1983) due to regions of
significant upwelling. They are one component of
the subtropical anticyclonic gyres, which are driven
primarily by anticyclonic wind fields.
Along the coast of Western Australia, the
prevailing winds are predominantly equatorward
(Thompson, 1984; Godfrey and Ridgway, 1985);
however, unique to the region, is a poleward surface
current known as the Leeuwin Current. Observa-
tional studies along the western coast of Australia
have shown that this current is characterized by a
strong (4150 cm/s at times), narrow (o100 km
wide), poleward surface current that flows opposite
the prevailing wind direction (Cresswell and Gold-
ing, 1980; Godfrey et al., 1986), anomalous warm
water at the surface, a deep (450m depth)
thermocline (Thompson, 1984), and lower biologi-
cal productivity due to vast regions of downwelling
(Batteen et al., 1992).Fig. 1. (A) Annual climatological surface temperature (1C) obtained fro
Current System (LCS) is bounded by 39–24.51S, 109–1211E. The mod
open boundaries. (B) Annual climatological surface salinity from LevitAn anomalous EBC, the Leeuwin Current is
driven by the uncharacteristically large thermoha-
line gradient along the Western Australian coast.
The current originates near Shark Bay and flows
poleward along the continental shelf (200m
depth) off the coast of Western Australia to Cape
Leeuwin (see Fig. 1A for geographical locations)
and then eastward into the Great Australian Bight
(Cresswell and Golding, 1980). Associated with the
system are near-surface isopycnals that slope down-
ward, surface dynamic-height fields that increase
toward the coast, and an equatorward undercurrent
(Thompson, 1984; McCreary et al., 1986; Smith
et al., 1991). The equatorward wind stress is
overwhelmed by the meridional pressure gradient
created from excessive heating in the equatorial
region and large amounts of cooling in the poleward
region (Godfrey and Ridgway, 1985), generating the
Leeuwin Current. The source for the Leeuwin
Current is predominantly an alongshore steric
height gradient due to tropical Pacific water from
the Indonesian throughflow (Godfrey and Ridgway,m Levitus and Boyer (1994). The model domain for the Leeuwin
el domain has a closed boundary along the entire coast and four
us et al. (1994).
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2 No Full Yes
3 Yes Full Yes
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geostrophic inflow from the west (McCreary et al.,
1986; Thompson, 1987; Batteen and Rutherford,
1990). The poleward flow of the Leeuwin Current
intensifies due to the strong inflow of the subtropical
waters toward the coast (Batteen et al., 1992;
Batteen and Huang, 1998; Batteen and Butler,
1998).
Below the Leeuwin Current, there is an anom-
alous equatorward undercurrent off Western Aus-
tralia (Church et al., 1989). This undercurrent is
centered near 450m depth and can attain speeds
comparable to the surface flow, exceeding on
average 10 cm/s (Smith et al., 1991). Smith et al.
(1991) observed core speeds of the narrow under-
current up to 30 cm/s between 250 and 350m
depth and found that the current was usually
confined to the continental shelf slope between
250 and 450m depth.
Other dynamical features that have been observed
in the Leeuwin Current System (LCS) are offshoots
of the current, meanders and both cyclonic and
anticyclonic eddies (e.g., Legeckis and Cresswell,
1981; Batteen and Butler, 1998). Satellite imagery
has shown that the Leeuwin Current also consists of
jet-like streams and has a seasonal and interannual
variability (e.g., Meuleners et al., 2007). There can
also be areas of seasonal equatorward surface flow
such as the Capes Current inshore of the poleward
Leeuwin Current and isolated associated upwelling
(Gersbach et al., 1999; Pearce and Pattiaratchi,
1999).
While observations provide insight for the basic
nature of features in the LCS, process-oriented
studies are useful for systematically investigating the
characteristics and dynamical forcing mechanisms
for the currents and eddies in the LCS. The results
of these investigations also should provide insight
for interpreting modeling results, observations and
remotely sensed data, particularly in smaller model-
ing regions than the present study (e.g., Meuleners
et al., 2007, which models the mean LCS between
Carnarvon (251S) and Jurien Bay (311S); Rennie et
al., 2007, which models the surface and subsurface
currents in the LCS between 281S and 361S;
Meuleners et al., 2007, which models two eddies in
the LCS at 291S and 27.81S; and Feng et al., 2007,
which studies the observational characteristics of
eddies between 301S and 321S).
This study seeks to build on previous process-
oriented modeling studies in the LCS (Weaver and
Middleton, 1989; Batteen and Rutherford, 1990;Batteen et al., 1992; Batteen and Huang, 1998;
Batteen and Butler, 1998) by investigating the roles
of wind forcing, thermohaline gradients and bottom
topography on currents and eddies in a relatively
large domain of the LCS, covering the western and
southwestern coast of Australia (see Fig. 1A).
The process-oriented experiments are conducted
with a terrain-following primitive equation model,
in this case the Princeton Ocean Model (POM), off
the western and southwestern coast of Australia.
The POM, a sigma coordinate model, was chosen
for this study because it has been widely used to
simulate coastal processes associated with continen-
tal shelf flows and bottom boundary layer dy-
namics.
The results of several process-oriented numerical
experiments (Table 1) are explored. Each experi-
ment is run on a beta-plane with a realistic coastline
and bottom topography. In Experiment 1 the
horizontally averaged annual climatology is used
with annual wind forcing. Experiment 2 investigates
the effect of thermohaline gradient forcing by using
full annual climatology and no wind forcing. The
final experiment, Experiment 3 includes both wind
and thermohaline gradient forcing mechanisms to
gain an understanding of the combined effect of the
forcing mechanisms on the dynamics of the LCS.
Note that the results from the experiment with
wind forcing only, i.e., Experiment 1, is more typical
of classical EBCs than of the LCS. It is presented to
highlight the effect of wind forcing in the absence of
a thermohaline gradient. In contrast the final
experiment, which includes thermohaline gradient
and wind forcing, provides the most accurate
representation of the LCS.
2. Model description
2.1. Data sets
The model domain (Fig. 1A) encompasses the
western and southwestern coasts of Australia, from
24.51S to 391S, and from 1091W to 1211W. The
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Fig. 2. Smoothed topography (in m) in 2D obtained after
applying a 2D Gaussian filter and reassigning depths greater than
2500m to 2500m.
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of Geophysics and Planetary Physics, University of
California, San Diego (Smith and Sandwell, 1997).
The bottom topography data set, compiled from
over 30-years of bottom echo sounding by ships, has
a resolution of 2min (1/30 of a degree). Altimetry
data were used to interpolate soundings in data-
sparse regions.
Annual temperature and salinity values were
obtained from Levitus and Boyer (1994) and Levitus
et al. (1994). These data sets incorporate a 1 by 1
degree horizontal resolution at standard depths.
2.2. Pre-processing
The original topography was interpolated to the
resolution used in the POM i.e., 10 km by 10 km
offshore, 3 km by 10 km alongshore and 3 km by
3 km around the southwest corner of Australia with
a total of 252 by 226 grid points. The highest
resolution was used where the values of the slope
parameter (defined by Mellor et al., 1998, as
jdHj=2  H¯, where H¯ is the average depth and dH
is the difference in depth between two adjacent
cells), were the largest in both the latitude and
longitude directions. The higher resolution bands
near the southwest corner of Australia were used to
minimize the slope parameter. Since over much of
the area the slope parameter was greater than 0.2,
which is the suggested maximum value to be used in
POM sigma coordinate models (Mellor et al., 1998),
the topography was first smoothed with a Gaussian
filter. The new depth of each point calculated with
this filter is a Gaussian-shaped, weighted average of
25 by 25 points with a standard deviation of 8.
Subsequent depths greater than 2500m were reas-
signed to depths of 2500-m, with land assigned a
depth of 20m (to avoid divisions by 0 in the model).
The resulting topography is shown in Fig. 2.
The annual temperature and salinity values were
interpolated for the horizontal spatial resolution of
the model and for the 21 vertical sigma levels with a
three-dimensional (3D) linear interpolation scheme.
Plots of annual temperature and salinity fields for
the surface (sigma level 1) are shown in Figs. 1A and
B, respectively.
To obtain an annual non-weighted average wind
vector field (Fig. 3), 10 years of daily seasonal winds
were averaged. To be compatible with the other
data fields, the wind vectors were interpolated to the
same horizontal spatial resolution of the model with
a 2D linear interpolation scheme.2.3. Brief model description
The POM, a well-documented model (e.g.,
Blumberg and Mellor, 1987; Mellor, 1996), was
used in the model studies. POM is a primitive
equation, free-surface model with a second-moment
turbulence closure scheme (Mellor and Yamada,
1982) that, through the use of bottom-following
sigma levels, can realistically simulate processes
associated with continental shelf flows and bottom
boundary layer dynamics in local domains (e.g.,
bays, estuaries and coastal regions). The model also
has been used successfully to simulate decadal
processes in entire ocean basins (see Ezer and
Mellor, 1994, 1997).
As described earlier, the resolution of the
horizontal orthogonal grid varies between 3 km by
3 km and 10 km by 10 km. The variable grid allows
the use of more (less) points in regions of large
(small) gradients.
The 21 vertical sigma levels used range from 0 at
the surface to 1 at the bottom with the vertical
grid spacing proportional to the ocean depth. The
vertical resolution has been chosen to be higher near
the surface and the bottom in order to resolve both
the surface boundary layer and the bottom bound-
ary layer, which are important in coastal regions. To
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Fig. 3. Annual average wind in m/s from climatological
ECMWF winds obtained from Trenberth et al. (1990).
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related to higher resolution near surface, bottom
and shallow water, an implicit vertical time differ-
encing scheme is used.
The prognostic variables of the model are
potential temperature, salinity and density, the
three velocity components, surface elevation, turbu-
lent kinetic energy and length scale. The model has a
split time step interval for external and internal
modes. The external mode solves the equations for
the vertically integrated momentum equations. It
also provides the sea surface and barotropic velocity
components, and has a time step of 6 s. The internal
mode solves the complete 3D equations and has a
time step of 300 s.
A Smagorinsky formulation (Smagorinsky et al.,
1965) is used for the horizontal diffusion in which
the horizontal viscosity coefficients depend on the
grid size, the velocity gradient and a coefficient. In
this study a value of 0.2 was assigned to this
coefficient, consistent with other POM studies (Ezer
and Mellor, 1997).2.4. Initialization, forcing and boundary conditions
The model was initialized with annual tempera-
ture and salinity values obtained from Levitus and
Boyer (1994) and Levitus et al. (1994). Since the
model runs reached a quasi-equilibrium state in a
relatively short time (26 days) (see Fig. 4,
discussed below), zero salinity and temperature
fluxes were prescribed at the ocean surface. The
annual climatological surface temperature (Fig. 1A)
shows a strong north-south gradient with a max-
imum temperature near Shark Bay of 24 1C and a
minimum of 14 1C at the southern edge of the
model domain. The climatological surface salinity
(Fig. 1B) shows a maximum of 35.8 at the center
of the western edge of the model domain and a
minimum of 35 along the northern Australian
coast. Models using horizontally averaged climatol-
ogy use the same initial temperature and salinity
over the entire model domain (e.g., 19.8 1C and 35.4
are the temperature and salinity values, respectively,
for the surface).
The model was forced from rest with the annual
European Center for Medium-range Weather Fore-
casting (ECMWF) wind fields, which were inter-
polated for the model grid. As seen in Fig. 3,
westerly winds dominate the southern portion of the
model domain. Along the west coast of Australia
the winds are southerly to south-southeasterly and
generally increase in strength away from the coast.
As shown in the volume-averaged kinetic energy
plot for Experiment 3 (Fig. 4), which has the most
complete forcing, the total kinetic energy grows
rapidly during the first few days, but reaches a state
of quasi-equilibrium by about day 26. The spin up
of the coastal circulation in the model is consistent
with that of other models in this area such as
Middleton and Cirano (2002) and Cirano and
Middleton (2004). In particular, the spin up occurs
relatively quickly through the propagation of
Kelvin waves and coastally trapped waves (Cirano
and Middleton, 2004). In addition, the deep-ocean
Sverdrup transport is set up over a barotropic time
scale of about 10 days (Middleton and Cirano,
2002). Although the baroclinic set up can take much
longer, up to several years, this is largely mitigated
in this study by using the temperature and salinity
climatology averaged over many years, and having
a coastal model domain relatively close to the shore.
Correct specification of the open-boundary con-
ditions (BCs) is important to achieve realistic
results, with no reflections, clamping, spurious
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Fig. 4. Volume averaged total kinetic energy (m2/s2) for the entire domain for Experiment 3.
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of water in the model. The problem is that there is
not a general criterion that can give the answer to
what BCs are the best for a specific model or study.
For models with a free surface, such as used here,
one of the important criteria is that the BCs should
be transparent to the waves. In this model, a
gradient BC (Chapman, 1985), which allows geos-
trophic flow normal to the boundary, worked best
for the elevation. For baroclinic velocity compo-
nents normal to the boundary, an explicit wave
radiation scheme based on the Sommerfield radia-
tion conditions was used. For inflow situations, the
model was forced with annual temperature and
salinity values obtained from Levitus and Boyer
(1994) and Levitus et al. (1994), while in outflow
situations an advection scheme was used.
For the barotropic velocity components, a
Flather radiation plus Roed local (FRO) solutionFig. 5. (A) Surface temperature (1C) and velocity vectors for Experime
isobath is shown by the solid line. (B) Cross-section of north-south velo
In this and subsequent cross-section plots, the black line is the zero velo
Experiment 1 on day 40. (D) Cross-section of north-south velocities (
Surface temperature (1C) and velocity vectors for Experiment 1 on day 6
on day 60, with a contour interval of 21. (G) Cross-section of temperatur
of 21. (H) Cross-section of north-south velocities (m/s) at 261S for Exper
at Cape Leeuwin (34.31S) for Experiment 1 on day 60.was used. Palma and Matano (2000) showed good
results with the FRO solution during BC tests to
determine the BCs response to an alongshelf wind
stress. Palma and Matano (1998) also showed that
the FRO BC demonstrated good reflection proper-
ties and results in a test that determined the BC
response to the combined action of wind forcing
and wave radiation. Their tests were executed with
the barotropic version of POM and compared with
the benchmark results (no BCs).
2.5. Pressure gradient force error determination
Velocity errors induced by the pressure gradient
force are unavoidable in 3D sigma-coordinate
models. Two types of sigma-coordinate errors exist,
the sigma error of the first kind (SEFK) and of the
second kind (SESK), as defined by Mellor et al.
(1998). The first one goes to 0 prognostically bynt 1 on day 20. In this and subsequent horizontal plots, the 200m
cities (m/s) at Cape Leeuwin (34.31S) for Experiment 1 on day 20.
city contour. (C) Surface temperature (1C) and velocity vectors for
m/s) at Cape Leeuwin (34.31S) for Experiment 1 on day 40. (E)
0. (F) Cross-section of temperature (1C) at 321S for Experiment 1
e (1C) at 261S for Experiment 1 on day 60, with a contour interval
iment 1 on day 60. (I) Cross-section of north-south velocities (m/s)
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equilibrium. The second one, a vorticity error, is
the most important because it does not vanish withtime, and is present in both 2D and 3D cases. This
study used several techniques recommended by
Mellor et al. (1998) to reduce the pressure gradient
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M.L. Batteen et al. / Deep-Sea Research II 54 (2007) 859–883866errors from greater to 100 cm/s to less than 1 cm/s:
(1) smoothing the topography, which reduced both
SEFK and SESK; (2) using the highest possible grid
resolution; and (3) subtracting the horizontally
averaged density before the computation of the
baroclinic integral, which reduced the SESK.3. Results from model simulations
3.1. Wind forcing
In Experiment 1 (see Table 1) the model was
initialized with horizontally averaged annual
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coastline, bottom topography and annual climato-
logical wind field were used. The results of Experi-
ment 1 were run to highlight the role of wind forcing
in the LCS.
By day 20 (Fig. 5A), an equatorward current has
developed with a maximum speed of 40 cm/s.
Weak, localized coastal upwelling is evident near
promontories north of Perth. The core of the
undercurrent hugs the continental slope between
700 and 1000m depth and has a speed of 2 cm/s
(Fig. 5B).
Most obvious at day 40 (Fig. 5C) is the
intensification of upwelling south of Shark Bay
and at 291S. Although it remains very localized,
relatively cold water of 17 1C has been upwelled to
the surface. The main factor in increasing the
upwelling is the strengthening of the equatorward
surface current to 80 cm/s. Although the current is
present along the entire western and southern coast
of Australia, it is strongest in the northern end of the
model domain, as expected due to the stronger winds
in this region. As the surface current increases, the
core becomes more developed but continues to be
centered over the shelf break (Fig. 5D).
By day 60 (Fig. 5E), the southerly winds have
continued to enhance the equatorward surfacecurrent, which has reached a maximum velocity of
120 cm/s. The areas of localized upwelling, off
Shark Bay and at 291S, have become relatively
intense bringing 14 1C water to the surface.
Temperature cross-sections (Figs. 5F and G) show
that the wide shelf to the north enhances the
upwelling.
In addition to being much colder than the water
offshore, the surface elevation in the upwelling
regions is also lower. The alongshore pressure
gradient induces an equatorward, geostrophic cur-
rent that helps to enhance the wind-forced equator-
ward surface current. A relatively deep, poleward
undercurrent of 10 cm/s is trapped by the topo-
graphy at 1000m depth from 261S (Fig. 5H) to
Cape Leeuwin (Fig. 5I), where it becomes extremely
narrow.
The results from this experiment resemble the
dynamic characteristics associated with classical
EBCs, where wind forcing is the predominant
forcing mechanism. The addition of topography
traps and enhances the equatorward surface cur-
rent. Simultaneously, the topography hinders the
development of some upwelling regions (e.g., coast-
al embayments) even with upwelling favorable
winds; however, in areas where upwelling is present
(e.g., off capes), the upwelling is very intense. The
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Fig. 6. (A) Surface temperature (1C) and velocity vectors for Experiment 2 on day 20. (B) Cross-section of north-south velocities (m/s) at
Cape Leeuwin (34.31S) for Experiment 2 on day 20. (C) Surface temperature (1C) and velocity vectors for Experiment 2 on day 40. (D)
Cross-section of north-south velocities (m/s) at Cape Leeuwin (34.31S) for Experiment 2 on day 40. (E) Surface temperature (1C) and
velocity vectors for Experiment 2 on day 60. (F) Cross-section of north-south velocities (m/s) at Cape Leeuwin (34.31S) for Experiment 2
on day 60.
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typical EBC regions other than the LCS.
3.2. Thermohaline gradient forcing
Experiment 2 (see Table 1) focuses on the
thermohaline gradient. The experiment is initialized
with full annual climatology, but without wind
forcing. It uses a realistic coastline and bottom
topography. This experiment introduces conditions
unique to the LCS.
In stark contrast to Experiment 1, by day 20
(Fig. 6A), an energetic and dynamic poleward
coastal current has developed with a maximum
velocity of 90 cm/s. The current extends from the
northern edge of the domain around the southwest
corner of Australia to the eastern edge. There is also
a relatively broad movement of warm, offshore
water to the south, with temperatures off Cape
Leeuwin reaching  23 1C. The strength of the
surface current is created by the large north-south
thermohaline gradient. The thermohaline gradient
generates a strong onshore geostrophic inflow. As
the inflow nears the coast, it is deflected southward
creating a narrow core of warm water along the
entire coast of Western Australia. Continual on-shore flow augments the poleward flow throughout
the model’s duration. A typical cross-section
(Fig. 6B) shows that the surface current is centered
over the shelf break and lies inshore of a relatively
weak equatorward current which intensifies with
depth.
By day 40 (Fig. 6C), the coastal current velocity
has increased to 140 cm/s. Warm, subtropical
water of 25 1C has been advected around Cape
Leeuwin and into the entrance of the Great
Australian Bight to the east of the model domain.
Eddies have started to spin up off the coast near
Cape Leeuwin and are subsequently advected east-
ward. An eddy dipole pair has formed off Perth.
The cold-core half of the dipole has been created by
entraining cold water. A typical cross-section
through a warm-core eddy is shown in Fig. 6D.
Also shown is the undercurrent, which maintains its
core velocity of 20 cm/s at 700m depth along the
slope below the poleward surface flow.
Despite the formation of many eddies, by day 60
(Fig. 6E), the Leeuwin Current remains strong and
continues to advect warm water south around Cape
Leeuwin. The current remains trapped by the
topography and is centered above the shelf break
and continental slope (e.g., see Fig. 6F). The vertical
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surface current and equatorward undercurrent
creates large meanders in the surface current,Fig. 7. (A) Surface temperature (1C) and velocity vectors for Experimen
Cape Leeuwin (34.31S) for Experiment 3 on day 20. (C) Cross-section o
(D) Cross-section of east-west velocities (m/s) for Experiment 3 at 11
velocities (m/s) for Experiment 3 at 1161S on day 20.particularly in the north near Shark Bay. As the
current travels around Cape Leeuwin, it continues
to meander and create numerous eddies and dipolet 3 on day 20. (B) Cross-section of north-south velocities (m/s) at
f north-south velocities (m/s) at 271S for Experiment 3 on day 20.
91S on day 20. Blue is westward. (E) Cross-section of east-west
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pair, centered at 351S, 1121E, has separated from
the Leeuwin Current and is no longer under the
influence of topography. This pair will propagate
westward due to the b effect. As eddies form, their
surface features deepen in time and subsequently
merge with subsurface features (not shown).
The results of this experiment are more char-
acteristic of the LCS, generating a strong poleward
surface current with an equatorward undercurrent.
It demonstrates the importance of the strong
climatological thermohaline gradient. The bottom
topography isolates and traps the unique thermoha-
line gradient-driven poleward current all along the
coast. The topography aids the development of
realistic eddies and dipole pairs, but makes the core
of the undercurrent too deep. Overall, the results of
this experiment resemble the distinct dynamic
features that set the LCS apart from classical EBCs.
3.3. Wind and thermohaline gradient forcing
The final experiment, Experiment 3 (see Table 1),
includes all the forcing mechanisms and most
closely resembles the LCS in the annual sense. The
model was initialized with full annual temperature
and salinity climatology and with a realistic bottomtopography and coastline. In addition it was forced
with the averaged annual wind field.
Similar to the previous experiment, by day 20
(Fig. 7A), a narrow poleward current has formed
with a maximum speed of 90 cm/s. This strong
surface current is present all along the shelf break
and advects warm subtropical water south, with
temperatures off Cape Leeuwin reaching 23 1C. A
cross-section at Cape Leeuwin (Fig. 7B) shows the
core of the current located over the shelf. In regions
where the continental shelf is wider, such as near
Shark Bay, the main surface current is formed as far
as 50–60 km offshore. This allows the wind forcing
to dominate the flow inshore of the main current,
generating an equatorward surface current directly
at the coast. A cross-section in such a region
(Fig. 7C) shows a poleward surface flow offshore
above the shelf break, and an equatorward surface
flow inshore over the shallow continental shelf.
Beneath the poleward surface current lies a
relatively energetic, equatorward undercurrent. A
cross-section at Cape Leeuwin at day 20 (Fig. 7B)
shows the undercurrent of 15 cm/s centered at
700m depth. The undercurrent lies along the
continental slope with its strongest velocities ad-
jacent to the slope. The strongest core of the
undercurrent lies between 500 and 1000m within
the 20 km nearest the continental slope.
As the undercurrent flows toward the north, it
maintains approximately the same strength, but it
becomes shallower and covers a much smaller cross-
sectional area. For example, at day 20 at 271S
(Fig. 7C), the undercurrent extends from 300m
down to 900m within 50 km of the continental
slope. Its strongest core lies between 400 and
700m within 20 km of the slope.
Along the southern coast, the undercurrent is
confined to a narrower band along the continental
slope than it is along the western coast. Near the
eastern end of the model domain at 1191E at day 20,
the undercurrent extends vertically from 400 to
1400m, but it is only 30 km wide (Fig. 7D). Its
core, at 26 cm/s, is centered around 800m depth.
Moving west toward Cape Leeuwin, the under-
current becomes weaker, shallower and smaller in
areal extent. For example, at 1161E (Fig. 7E), the
14 cm/s core extends from 400 to 700m depth
and is only 12 km wide.
By day 40 (Fig. 8A), the poleward surface current
has speeds of 120 cm/s and has advected relatively
warm 24 1C water south around Cape Leeuwin.
Offshore of the poleward surface current, the
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M.L. Batteen et al. / Deep-Sea Research II 54 (2007) 859–883872equatorward undercurrent extends all the way from
the surface down to below 1500m depth at Cape
Leeuwin (Fig. 8B). The strongest core of 12 cm/s isFig. 8. (A) Surface temperature (1C) and velocity vectors for Experimen
Cape Leeuwin (34.31S) for Experiment 3 on day 40. (C) Cross-section o
(D) Cross-section of east-west velocities (m/s) for Experiment 3 at 11
velocities (m/s) for Experiment 3 at 1161S on day 40.confined to a small band about 10 km wide
adjacent to the continental slope between 500
and 1000m depth. To the north, at 271S (Fig. 8C),t 3 on day 40. (B) Cross-section of north-south velocities (m/s) at
f north-south velocities (m/s) at 271S for Experiment 3 on day 40.
91S on day 40. Blue is westward. (E) Cross-section of east-west
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M.L. Batteen et al. / Deep-Sea Research II 54 (2007) 859–883 873the undercurrent remains quite similar to its day-20
configuration. The cross-sectional area has grown,
but only slightly. The undercurrent continues to
decrease in size and move closer to the surface with
northward movement. At 271S, it lies between 300
and 900m and is 60 km wide. The strongest core
of 20 cm/s lies between 400 and 700m depth.
Along the southern coast, by day 40, the
westward current extends to the surface at 1191E
(Fig. 8D) as a large meander lies over this region,
but the core of the undercurrent lies between 500
and 800m depth with a speed of 22 cm/s. To the
west at 1161E (Fig. 8E), the upper extent of the
undercurrent is again nearer the surface at 200m
depth. Now, however, the 20 cm/s undercurrent
extends down to 1200m depth and is 20 km
wide.
By day 60 (Fig. 9A), the strength of the current is
maintained, while it continues to advect warm, fresh
water south. Fig. 9B shows a surface plot of salinity,
demonstrating the advection of fresh water by the
surface current along the western coast. Many more
meanders and eddies have formed in the current offthe west coast. The addition of wind forcing, which
opposes the poleward thermohaline induced cur-
rent, helps to generate more well-defined eddies
than in the previous experiment. A typical cross-
section at 34.31S (Fig. 9C) shows that the surface
current hugs the shelf break. At 281S (Fig. 9D),
note that the wind forcing has created an equator-
ward surface current, with a velocity of 20 cm/s,
inshore of the surface poleward current. This
equatorward flow subsequently leads to localized
areas of upwelling distinguished by slightly
cooler waters along the coast, as seen by the
rising of the temperature contours over the shelf
(e.g., Fig. 9E).
At day 60 at Cape Leeuwin (Fig. 9C), the
undercurrent extends from the surface to below
1500m depth and is over 75 km wide. Its core lies
between 500 and 1000m depth and is within
20 km of the slope. As before, farther north the
core of the undercurrent moves up closer to the
surface and becomes smaller.
Along the southern coast, by day 60, the core of
the undercurrent at 1191E (Fig. 9F) lies between
ARTICLE IN PRESS
Fig. 9. (A) Surface temperature (1C) and velocity vectors for Experiment 3 on day 60. (B) Surface salinity and velocity vectors for
Experiment 3 on day 60. (C) Cross-section of north-south velocities (m/s) at Cape Leeuwin (34.31S) for Experiment 3 on day 60. (D)
Cross-section of north-south velocities (m/s) at 271S for Experiment 3 on day 60. (E) Cross-section of temperature (1C) at 281S for
Experiment 3 on day 60, with a contour interval of 21. (F) Cross-section of east-west velocities (m/s) for Experiment 3 at 1191S on day 60.
(G) Cross-section of east-west velocities (m/s) for Experiment 3 at 1161S on day 60.
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M.L. Batteen et al. / Deep-Sea Research II 54 (2007) 859–883 875400 and 1500m depth, but the outer edge of the
undercurrent extends upward to within 100m of the
surface offshore of the eastward surface coastal
current. The strongest flow of the undercurrent is
22 cm/s centered around 650m depth. As before,the undercurrent weakens slightly and moves nearer
the surface as it flows to the west. For example, at
1161E (Fig. 9G), the undercurrent extends from
200m down to 800m depth with its 17 cm/s
core centered at 300m depth.
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tively realistic features of the LCS including a
poleward surface current, equatorward undercur-
rent, meanders and eddies, as well as regions of
localized upwelling. Unlike classical EBCs that are
driven by wind forcing, the LCS is dominated by the
effects of thermohaline gradients, which generate a
poleward (equatorward) surface current (under-
current) off the west coast. The thermohaline
gradient and bottom topography trap the warm
poleward flow along the coast, despite the opposing
wind forcing. The wind forcing influences the
development of better-defined eddies, and generates
equatorward flow next to the coast in regions where
the poleward surface flow is farther offshore.
3.4. Discussion
Since Experiment 3 includes all the forcing
mechanisms of the LCS, it is useful to qualitatively
compare the final results of the model simulation
with observational data to determine if the model
developed a current system representative of the
LCS. Because the study is not based on actual data
but instead is a process-oriented study, direct
comparisons to observational data cannot be made;
however, the dynamics of the model can be
investigated to determine if the model simulations
are qualitatively similar to observations of the LCS.
Typical transports (here for day 40) were
calculated for the surface current, the undercurrent
and the inshore current. Near the beginning of the
Leeuwin Current in the model domain, at 271S,
the transport of the surface current is 2.9 Sv. As
the current flows toward the south, its transport
increases as the current speed increases. Near Cape
Leeuwin at 34.31S the current transports 5.4 Sv.
The transport of the undercurrent is strongest at the
south at 4.7 Sv, coinciding with the greatest
transport of the surface current. By 271S, the
undercurrent transport decreases to 3.6 Sv. The
equatorward inshore surface current on the shelf
transports 0.13 Sv at 271S. At Cape Leeuwin
where the shelf is much narrower, there is no
inshore current. Along the southern coast at 1171E
the transport of the surface current is slightly
weaker at 2.8 Sv, while the transport of the
undercurrent is slightly stronger at 5.1 Sv. The
shelf is also very narrow in this area so again there is
no inshore surface current on the shelf.
These values are consistent with those determined
by observational studies. For example, Thompson(1984) found a surface current transport of 4 Sv
and an undercurrent transport of 5 Sv using
current meter observations. The surface current
transport values found by Smith et al. (1991) at
29.51S ranged from 2 Sv in summer to 5 Sv in
autumn and winter.
As the surface velocity increases, the meandering
of the current also increases (e.g., compare Figs. 8A
and 9A) due to the baroclinic instability generated
by the increasing vertical velocity shear (the inter-
ested reader can go to Batteen, 1997, for more
details on this baroclinic instability mechanism).
Eddies are generated off Cape Leeuwin and subse-
quently propagate eastward along the southern
coast. The equatorward wind forcing pushes the
cold subpolar waters northward, which get entrained
by the current and help to develop eddy dipole pairs.
With numerous meanders, eddies and other
small-scale features in the current system, the level
of mesoscale activity in this model run is quite
significant, consistent with available observations
(Thompson, 1984; Smith et al., 1991; Batteen
and Butler, 1998; Fang and Morrow, 2003).
Figs. 10A–H document the development of a typical
eddy which develops south and east of Cape
Leeuwin. At day 42, the feature is still attached to
the current as a meander (Fig. 10A). Fig. 10E shows
that, at this early time in the development of the
eddy, the current is relatively deep with the south-
ward current on the western side of the meander
extending almost to 1000m depth. After the feature
has detached from the current, its maximum depth
stays between 400 and 450m depth.
The eddy subsequently drifts 120 km to the
southwest over a period of 18 days for a speed of
6.7 km/day or 7.8 cm/s. This movement is
consistent with observational studies. For example,
Cresswell and Golding (1980) used drifting buoys to
track three eddies south of Cape Leeuwin that
moved westward at 6, 6.5 and 7.4 km/day. Observa-
tions by Fang and Morrow (2003) found an average
drift speed of 5 cm/s for eddies south of 271S.
Fang and Morrow (2003) report that the radius of
observed eddies along the southern portion of
Australia was 100–150 km with the radius decreas-
ing with higher latitude as the Rossby radius
decreases. The Fang and Morrow observations also
showed growth in the radius of eddies during the
development phase. Consistent with these observa-
tions, the modeled Southern Australia eddy de-
picted in Figs. 10A–H grows from 116 to 132 km
over a period of 18 days.
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Fig. 10. Experiment 3 close-up views of an eddy southeast of Cape Leeuwin. Black line across surface view indicates location of
corresponding cross-section. Surface temperature (1C) and velocity vectors at (A) day 42, (B) day 48, (C) day 54 and (D) day 60. (B) Cross-
section of meridional velocity component (m/s) at (E) 36.51S, day 42, (F) 36.91S, day 48, (G) 37.151S, day 54 and (H) 37.41S, day 60. Note:
On all cross-section figures, red is equatorward (north), blue is poleward (south) and the black contour is zero.
M.L. Batteen et al. / Deep-Sea Research II 54 (2007) 859–883 877
ARTICLE IN PRESS
M.L. Batteen et al. / Deep-Sea Research II 54 (2007) 859–883878The results from Experiment 3 at day 60
(Fig. 10A), are now compared with typical satellite
images. The general features of the Leeuwin Current
apparent in the satellite images (Figs. 11A–C) are
similar to the results found in the final model
Experiment 3. The strong thermohaline gradient
creates an onshore geostrophic flow, which then
forms a narrow poleward current advecting warm
subtropical waters southward around Cape Leeu-
win and into the Great Australian Bight. All three
satellite images show evidence of meanders, jets and
eddies with varying length scales which are con-Fig. 11. Satellite image of surface-water temperatures off Western Aus
waters of the Leeuwin Current (red/orange) and the cooler offshore wat
the black line represents the edge of the continental shelf (CSIRO, Marin
Western Australia in August 1987, showing the warm waters of the Lee
blue. The white and mottled areas are clouds, and the black line repressistent with the model results. Studies have shown
that the LCS has large spatial variations due to
intensification of instabilities (e.g., Batteen and
Butler, 1998; Pearce and Griffiths, 1991). Current
velocity speeds of 120 cm/s at day 60 of Experi-
ment 3 agree with surface current measurements
greater than 100 cm/s made by the R/V Franklin at
Cape Leeuwin (Cresswell and Peterson, 1993).
Overall the model results for this study are
supported by their resemblance to both satellite
images and previous studies of the LCS, showing
that the model successfully captures the qualitativetralia in (A) August 1987, (B) September 1994 showing the warm
er in green/blue. The white and mottled blue areas are clouds, and
e Research). (C) Satellite image of surface-water temperatures off
uwin Current (red/orange) and the cooler offshore water in green/
ents the edge of the continental shelf (CSIRO, Marine Research).
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Fig. 12. Surface temperature (1C) and velocity vectors on day 60 for the same experiment as (A) Experiment 1, (B) Experiment 2, (C)
Experiment 3 except for a flat bottom.
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M.L. Batteen et al. / Deep-Sea Research II 54 (2007) 859–883880nature of the nonlinear, eddying response of the
LCS.
A final comparison of all the experiments is made
to determine the role of each forcing mechanism in
generating the LCS. For this comparison the last
day of each experiment, i.e., day 60 (Figs. 5E, 6E
and 9A), will be analyzed. To isolate the role of
bottom topography, the results of the Experiments 1
through 3 which all used bottom topography will be
compared with the results of the same experiments
(shown also at day 60 in Figs. 12A–C) except that a
flat bottom is used instead of bottom topography.
The obvious dominant forcing mechanism for the
LCS is the thermohaline gradient, which has a
strong poleward component. The gradient sets up
an onshore geostrophic flow, which when it
approaches the coast, is forced poleward into a
strong, narrow, surface poleward current. The flow
is steered down the coast and as it reaches Cape
Leeuwin it forms meanders and eddies. In regions
where the Leeuwin Current leaves the coast, the
wind forcing can control the flow and create an
equatorward flow, which is upwelling favorable.Fig. 13. Cross-section of north-south velocities (m/s) at Cape Leeuwin (
for a flat bottom.Since the wind opposes the main surface poleward
current, the southerly wind generates considerable
shear, which aids in the development of better-
defined eddies (compare Figs. 6E and 9A).
While wind and thermohaline forcing are the
main driving mechanisms for the current, the results
from the flat bottom experiments (Figs. 12A–C)
show broader currents, which do not accurately
represent the LCS, than the topography experi-
ments (i.e., compare Fig. 5E with Fig. 12A, Fig. 6E
with Fig. 12B and Fig. 9A with Fig. 12C). A typical
cross-section (Fig. 5B) shows that the core of the
surface current is situated above the shelf break in
the topography case instead of being directly at the
coast as in a flat bottom case (e.g., Fig. 13).
A comparison of the wind only experiments
shows that the upwelling in the topography case
(Fig. 5E) is not as extensive or widespread as in the
same experiment but for a flat bottom (Fig. 12A).
In particular, the topography reduces the upwelling
that was present along the entire coast in the flat-
bottom experiment and enhances localized areas
just north of 301S (compare Figs. 5E and 12A). In34.31S) on day 20 for the same experiment as Experiment 1 except
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trapped along the coast, such as in the north near
Shark Bay, the wind forcing generates an equator-
ward current which consequently produces upwel-
ling. The presence of upwelling in these areas is
important to the biological productivity of the
region, which is important to the fishing and
tourism industries.
In terms of the Leeuwin Current width, the
topographic beta effect has greater influence, by
trapping the current along the coast, than the
planetary beta effect, which broadens the current
(compare Figs. 6E and 9A with Figs. 12B and C,
respectively). In the flat-bottom cases (Figs. 12B and
C), the current is steered by the coastline. When
topography is added (Figs. 6E and 9A), the current
is steered by the shelf break, frequently leaving the
coast as it follows the 200-m depth contour south-
ward to Cape Leeuwin and eastward into the Great
Australian Bight.
4. Conclusions
The objective of this process-oriented study was
to build on previous studies and to investigate the
roles of wind forcing, thermohaline gradients and
bottom topography in the LCS. The results of
several numerical experiments (see Table 1) using
the POM, a bottom-following sigma coordinate
model, was explored. The POM was chosen for this
study because it has been widely used to simulate
coastal processes associated with continental
shelf flows and bottom boundary layer dynamics.
In all experiments a beta-plane was used. In
Experiment 1, the horizontally averaged annual
climatology was used with annual wind forcing.
Experiment 2 investigated the effect of thermohaline
forcing by using full annual climatology and no
wind forcing. Experiment 3 included both annual
wind and thermohaline gradient forcing mechan-
isms to gain an understanding of the combined
effect of the forcing mechanisms on the dynamics of
the LCS.
In Experiment 1 the annual wind forcing, without
a thermohaline gradient, forced a weak equator-
ward surface current. It also produced classical EBC
features including upwelling, meanders, eddies and
a poleward undercurrent. The upwelling was
evident along the entire western coast of Australia,
but was most intense near Shark Bay.
The topography had the effect of trapping the
equatorward current along the coast. Although thetopography limited the extent of upwelling to
regions north of 301S, the intensity of the upwelling
was increased. Relatively cool water of 14.5 1C was
upwelled near Shark Bay.
Experiment 2 removed the wind forcing but
introduced the annual temperature and salinity
gradients. The effects of the thermohaline gradient
developed a strong, broad poleward surface current
more characteristic of the LCS. Planetary beta
effects created westward propagation of the current
increasing its offshore extent. Warm, subtropical
waters were advected southward around Cape
Leeuwin. This experiment also generated meanders
and eddies south of Perth, as well as an equator-
ward undercurrent.
Experiment 3 combined the effects of annual
wind forcing and the thermohaline gradient. The
results resembled those of Experiment 2, showing
that the thermohaline gradient is the dominating
forcing mechanism in the LCS. The role of the wind
was to slow the speed of the poleward current and
enhance the generation of eddies. The wind also
created localized upwelling regions along the coast
where the poleward flow left the coastline. Finally,
the wind forcing advected subpolar water north-
ward, which frequently became entrained by current
meanders and subsequently formed the cold-core
half of eddy dipoles.
The bottom topography opposed the planetary
beta effect and trapped the current along the coast
creating a strong, narrow poleward current. The
shelf break steered the current southward along the
coast and around Cape Leeuwin into the Great
Australian Bight region. The trapped coastal
current had greater instabilities than in the flat
bottom experiments (not shown) resulting in more
meanders, offshoots and eddies.
Experiment 3 provided the best representation of
the LCS because it included annual wind, annual
climatology and bottom topography. In terms of
location and velocity, it generated the most realistic
equatorward surface current and poleward under-
current. The results of this experiment show that, in
an annual sense, the effects of thermohaline
gradients dominate and set the system apart from
classical EBCs. The major role of the wind is to slow
the poleward surface flow, enhance eddy spin-up
and create localized upwelling regions. Bottom
topography is shown to play an important role in
intensifying and trapping currents near the coast, in
weakening the subsurface current and in intensify-
ing eddies off capes. Overall, Experiment 3, the
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M.L. Batteen et al. / Deep-Sea Research II 54 (2007) 859–883882most complete experiment of the study, compared
well to observations and provided the most accurate
representation of the LCS. Although, in the annual
sense, the wind is an insignificant factor compared
to the thermohaline gradient, it is the seasonality of
the wind that determines when the Leeuwin Current
flows. Further research using seasonal winds and
seasonal thermohaline forcing is recommended due
to the seasonal nature of the observed Leeuwin
Current. Additional further research should explore
the interannual variability of the system.Acknowledgment
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region.References
Batteen, M.L., 1997. Wind-forced modeling studies of currents,
meanders, and eddies in the California Current System.
Journal of Geophysical Research 102, 985–1010.
Batteen, M.L., Butler, C.L., 1998. Modeling studies of the
Leeuwin Current off Western and Southern Australia.
Journal of Physical Oceanography 28, 2199–2221.
Batteen, M.L., Huang, M.-J., 1998. The effect of salinity on
density in the Leeuwin Current System. Journal of Geophy-
sical Research 103 (C11), 24,693–24,721.
Batteen, M.L., Rutherford, M.J., 1990. Modeling studies of
eddies in the Leeuwin Current: the role of thermal forcing.
Journal of Physical Oceanography 20, 1494–1520.
Batteen, M.L., Rutherford, M.J., Bayler, E.J., 1992. A numerical
study of wind and thermal forcing effects on the ocean
circulation off Western Australia. Journal of Physical
Oceanography 22, 1406–1433.
Blumberg, A.F., Mellor, G.L., 1987. A description of a three-
dimensional coastal ocean circulation model. In: Heaps, N.
(Ed.), Three-Dimensional Coastal Ocean Models, Coastal
Estuarine Sciences, vol. 4. American Geophysical Union,
Washington, DC, pp. 1–16.
Chapman, D.C., 1985. Numerical treatment of cross-shelf open
boundaries in a barotropic coastal ocean model. Journal of
Physical Oceanography 25, 1060–1075.
Church, J.A., Cresswell, G.R., Godfrey, J.S., 1989. The Leeuwin
Current. In: Neshhyba, S., Mooers, C.N.K., Smith, R.I.,
Barber, R.T. (Eds.), Poleward Flows Along Eastern Ocean
Boundaries. Springer, Berlin, pp. 230–252.
Cirano, M., Middleton, J.F., 2004. Aspects of the mean
wintertime circulation along Australia’s southern shelves:
numerical studies. Journal of Physical Oceanography 33 (3),
668–684.
Cresswell, G.R., Golding, T.J., 1980. Observations of a south-
flowing current in the southeastern Indian Ocean. Deep-Sea
Research A 27, 449–466.Cresswell, G.R., Peterson, J.L., 1993. The Leeuwin Current south
of Western Australia. Australian Journal of Marine and
Freshwater Research 44, 285–303.
Ezer, T., Mellor, G.L., 1994. Diagnostic and prognostic
calculations of the North Atlantic circulation and sea level
using a sigma coordinate ocean model. Journal of Geophy-
sical Research 99 (C7), 14159–14171.
Ezer, T., Mellor, G.L., 1997. Simulations of the Atlantic Ocean
with a free surface sigma coordinate ocean model. Journal of
Geophysical Research 102 (C7), 15647–15657.
Fang, F., Morrow, R., 2003. Evolution, movement and decay of
warm-core Leeuwin Current eddies. Deep-Sea Research 50,
2245–2261.
Feng, M., Majewski, L., Fandry, C.B., Waite, A.M., 2007.
Characteristics of two counter-rotating eddies in the Leeuwin
Current System of the Western Australian coast. Deep-Sea
Research, this issue [doi:10.1016/j.dsr2.2006.11.022].
Gersbach, G.H., Pattiaratchi, C.B., Ivey, G.N., Cresswell, G.R.,
1999. Upwelling on the southwest coast of Australia—source
of the Capes Current? Continental Shelf Research 19,
363–400.
Godfrey, J.S., Ridgway, K.R., 1985. The large-scale environment
of the poleward-flowing Leeuwin Current, Western Australia:
longshore steric height gradients, wind stresses and geos-
trophic flow. Journal of Physical Oceanography 15, 481–495.
Godfrey, J.S., Vaudrey, D.J., Hahn, S.D., 1986. Observations of
the shelf-edge current south of Australia Winter 1982. Journal
of Physical Oceanography 16, 668–679.
Hirst, A.C., Godfrey, J.S., 1993. The role of Indonesian
throughflow in a global ocean GCM. Journal of Physical
Oceanography 23, 1057–1086.
Legeckis, R., Cresswell, G.R., 1981. Satellite observations of sea
surface temperature fonts off the coast of Western and
Southern Australia. Deep-Sea Research A 28, 297–306.
Levitus, S., Boyer, T.P., 1994. World Ocean Atlas 1994, vol. 4:
Temperature, NOAA Atlas NESDI 4. U.S. Department of
Commerce, Washington, DC, 117pp.
Levitus, S., Burgett, R., Boyer, T.P., 1994. World Ocean Atlas
1994, vol. 3: Salinity, NOAA Atlas NESDI 3. U.S. Depart-
ment of Commerce, Washington, DC, 99pp.
McCreary, J.P., Shetye, S.R., Kundu, P.K., 1986. Thermohaline
forcing of Eastern Boundary Currents: with application to
the circulation off the west coast of Australia. Journal of
Marine Research 44, 71–92.
Mellor, G.L., 1996. User’s guide for a three-dimensional,
primitive equation, numerical ocean model. Program in
Atmospheric and Ocean Science Report, Princeton University
Press, Princeton, NJ, 40pp.
Mellor, G.L., Yamada, T., 1982. Development of a turbulence
closure model for geophysical fluid problems. Reviews of
Geophysics and Space Physics 20, 851–875.
Mellor, G.L., Oey, L.Y., Ezer, T., 1998. Sigma coordinate
pressure gradient errors and the seamount problem. Journal
of Atmospheric and Ocean Technology 15, 1122–1131.
Meuleners, M.J., Pattiaratchi, C.B., Ivey, G.N., 2007. Numerical
modelling of the mean flow characteristics of the Leeuwin
Current System. Deep-Sea Research, this issue [doi:10.1016/
j.dsr2.2007.02.003].
Middleton, J.F., Cirano, M., 2002. A northern boundary
current along Australia’s southern shelves: the Flinders
Current. Journal of Geophysical Research 107 (C9) Article
Number C03129.
ARTICLE IN PRESS
M.L. Batteen et al. / Deep-Sea Research II 54 (2007) 859–883 883Palma, E.D., Matano, R.P., 1998. On the implementation of
passive open boundary conditions for a general circulation
model: the barotropic mode. Journal of Geophysical Re-
search 103 (C1), 1319–1341.
Palma, E.D., Matano, R.P., 2000. On the implementation of
passive open boundary conditions for a general circulation
model: the three-dimensional case. Journal of Geophysical
Research 105 (C4), 8605–8627.
Parrish, R.H., Bakun, A., Husby, D.M., Nelson, C.S., 1983.
Comparative climatology of selected environmental processes
in relation to Eastern Boundary Current pelagic fish
reproduction. In: Sharp, G.D., Csirke, J. (Eds.), Proceedings
on Expert Consultation to Examine Changes in Abundance
and Species of Neritic Fish Resources, FAO Fish Report 291,
vol. 3, San Jose, Costa Rica, pp. 731–778.
Pearce, A.F., Griffiths, R.W., 1991. The mesoscale structure of
the Leeuwin Current: a comparison of laboratory model and
satellite images. Journal of Geophysical Research 96,
16739–16757.
Pearce, A.F., Pattiaratchi, C.B., 1999. The Capes Current: a
summer countercurrent flowing past Cape Leeuwin and Cape
Naturalist, Western Australia. Continental Shelf Research 19,
401–420.
Rennie, S.J., Pattiaratchi, C.P., McCauley, R.D., 2007. Eddy
formation through the interaction between the LeeuwinCurrent, Leeuwin Undercurrent and topography. Deep-Sea
Research II, this issue [doi:10.1016/j.dsr2.2007.02.005].
Smagorinsky, J., Manabe, S., Holloway, J.L., 1965. Numerical
results from a nine-level general circulation model of the
atmosphere. Monthly Weather Review 93, 727–768.
Smith, R.L., Huyer, A., Godfrey, J.S., Church, J.A., 1991. The
Leeuwin Current off Western Australia, 1986–1987. Journal
of Physical Oceanography 21, 323–345.
Smith, W.H.F., Sandwell, D.T., 1997. Global seafloor topogra-
phy from satellite altimetry and ship depth soundings. Science
277, 1956–1962.
Thompson, R.O.R.Y., 1984. Observations of the Leeuwin
Current off Western Australia. Journal of Physical Oceano-
graphy 14, 623–628.
Thompson, R.O.R.Y., 1987. Continental-shelf scale model of the
Leeuwin Current. Journal of Marine Research 45, 813–827.
Trenberth, K.E., Large, W.G., Olsen, J.G., 1990. The mean
annual cycle in global ocean wind stress. Journal of Physical
Oceanography 20, 1742–1760.
Weaver, A.J., Middleton, J.H., 1989. On the dynamics of the
Leeuwin Current. Journal of Physical Oceanography 19,
628–648.
Wooster, W.S., Reid Jr., J.L., 1963. Eastern Boundary Currents.
In: Hill, M.N. (Ed.), The Seas, vol. 2. Wiley, New York,
pp. 253–280.
